Metal ions played critical role in regulation of hypertension (HT) or blood pressure (BP). The physiological roles of metals commonly present in the diet in the etiology of HT need to be reviewed as recent survey on the metal status in the various vegetable and meat food stuffs commonly consumed by living population in India revealed an imbalance in its level. Higher levels of zinc (Zn) in diet is observed to increase the BP by various mechanisms including oxidative stress through decreased activity of superoxide dismutase (SOD) enzyme, increasing levels of angiotensin converting enzyme (ACE) and aldosterone and by causing acidification due to change in the levels of H + , Na + , K + and Ca 2+ ions in the blood. High level of copper (Cu) and low level of magnesium (Mg) and manganese (Mn) in the blood is also associated with HT through various mechanisms like elevation of chronic inflammation, accelerating Na + pump of cell membrane and by disturbing lipid metabolism in the body. An epidemiological study conducted in the population of Manipur, India consuming Zn rich diet reveals significant disparities in distribution of the metals in the blood of the hypertensive (HTS) patients as compared to the normotensives (NT) control and thus indicates that the change in body metal homeostasis may be a triggering factor for the development of HT in this population and corroborate the reports of published literatures. The role of the metals variations in the body and their possible involvement in HT is reviewed and discussed in this paper.
Introduction
Hypertension is an important public health problem all over the world and is one of the biggest health challenges in the 21 st century. Although the condition is common and usually asymptomatic, it often leads to lethal complications if remain untreated [1] . Global Burden of Disease study has reported HT as the 4 th contributor to premature death in developed countries and the 7 th in the developing countries with India portray a grim picture as the 17.8% of the world's population reside in India [2] [3] . It has been reported that HT is directly responsible for 57% of all stroke deaths and 24% of all coronary heart disease (CHD) deaths only in India [4] . The higher the individual's BP, the greater are the risks for developing heart disease, stroke, renal failure and peripheral vascular diseases and thus is the major factor in increasing the complications for cardiovascular and cerebro-vascular diseases leading to morbidity and mortality [5] .
The involvement of metals especially major metals such as sodium (Na), potassium (K) and calcium (Ca) in the aetiology, prevention and treatment of essential HT has received much attention in the last several years. However, little attention has been given and not fully elucidated in the role of inorganic trace metals in the aetiology of HT [6] . It has been reported that in the body the individual metals react directly and indirectly in a variety of metabolic and structural activities known to participate in the BP regulation [7] . This significance of trace metals is clearly understood from the fact that slight changes in their concentration in human body trigger some kind of complications which later on develop into life threatening diseases [8] . It is also well established that trace metals play vital role as activators or inhibitors of various enzymatic reactions by competing with other metals/proteins for binding sites, by influencing the permeability of cell membranes, or through other mechanisms [9] . Trace metals are also recognized as essential mediators for the development and progression of cardiovascular disease, although there is no concrete evidence for the direct relationship between the metals and progression of the disease [10] . Contradictory results have been published about the relation between Cu, Se, Zn, Mn with HT [11] [12] . Edward et al., in 1993 [13] confirmed the association of metals with the symptoms of hypertension such as headache which led to the determination of electrolytes and some metals in blood plasma as well as their extra cellular and intracellular concentrations. Further, the role of some physiologically important metals such as Zn, Cu, Mg and Mn in the serum has been elucidated in maintaining BP [14] [15] . Their imbalance is observed to be associated with an increased risk of HT attributed to the modification of their homeostasis in essential HT [16] - [18] . In HT patients, with or without complication, hyperzincemia, hypocuperamia, hypermagnesemia, hypermangnesemia with hyperzincuria, hypercupereuria, hypermagneuria and hypermanganeura are observed [19] - [25] . A positive and negative correlation of HT with serum Zn and Cu levels in essential HT, increased levels of Zn, Mg and Mn but decreased levels of Cu in HT patients and increased serum Zn and Zn/Cu ratios in HT and CHD group vs healthy subjects have been seen to occur [14] [15] [26] [27] . A number of studies show a high Zn:Cu ratio in the diet lead to an elevation in systemic BP in rats fed a high Zn diet [28] and they later developed of CHD [29] [30] . Moreover, the risk of Cu deficiency increased in humans when molar ratio of Zn to Cu was increased in the diet which also resulted in hypercholesterolemia, hypertension and impaired prostaglandin metabolism [30] [31] . Thus, controversies still exist over the therapeutic use of these metals to alter their status in the blood in order to maintain HT. In view of the increased prevalence of HT in Indian population and critical role play by metal ions in the aetiology of HT, the role of metal variations and their possible involvement in the HT is systematically reviewed and discussed with reference to a short study on the status of metals in the serum and urine of HTS patients in an Indian population consuming Zn rich diet.
Disparity in Blood Metals (Mg, Zn, Cu, Mn) Status is Linked to Hypertension
Metals are naturally occurring inorganic elements which are present in very small amounts in the living tissues but are important for the vital processes of life [32] . Metals are involved in a wide range of physiological processes such as prosthetic groups of many proteins, water balance, cofactors of many enzymes etc [33] and thus the regulation of various metallic contents in the body is pre-requisite for their proper functioning [34] . It has been reported that macro and micro metals are known to play a major role in various enzyme reactions directly related to the regulation of BP and indirectly related to generation of oxidative metabolic energy and alterations in blood lipid levels. Disturbances in these metals composition may therefore play a major role in the development and management of essential HT [35] . The contribution of some major metals namely Na, K and Ca to this process has been established both in man through numerous epidemiological surveys and in experimental animals models. Modifications in Ca and Mg metabolism observed in certain types of HT in man have led to the suggestion that their imbalance could contribute to the appearance of long term variations in BP due to their critical role in cardiac and vascular physiology. It has been reported that Mg functions particularly in conjunction with other nutrients for BP regulation [36] . However, studies performed on serum and blood Mg levels in HT patients are controversial [25] . The serum concentration of Mg was significantly lowered in HTS as compared with NT group and this may attributed to increased risk of cardiovascular damage including HT, coronary constriction and occlusion and sudden death. The hypomagnesemia observed in HTS patients may be as a result of low Mg/Ca ratio which has been found to stimulate the release of catecholamines, the auto-oxidation of which yield free radical which lowers tissue Mg levels. Hypomagnesaemia thus result increase in BP as it favours release or formation of factors that are vasoconstrictive, platelet aggregation and further possibly via their effect on glomerular filtration rate through angiotensin converting enzyme (ACE) inhibitors [37] [38] . In this regard, Gottlieb et al. reported that in congestive heart failure, the greatest mortality rate occurred in hypomagnesemic patients and increased Mg deficiencies seem to be associated with prevalence of essential HT [24] .
On the other hand, the involvement of trace metals in the development of the hypertensive process is also still a subject of study. It has been reported that role of metals including Zn, Cu, Mg and Mn in the serum are important in maintaining BP because their imbalance has been associated with an increased risk of HT and modification of the homeostasis of these metals was considered to occur in essential HT [14] [15] . In this regard, serum level of metal ions is an important indicator of the metal imbalances and their involvement in the pathological process of primary HT. Among the different metal ions, it seems that Zn is an important metal ion which plays a role in the pathogenesis of essential HT [39] . In interesting studies carried out in HTS patients by Anaelechi et al. [40] a nd Taneja and Mandal [41] , it has been revealed that serum Zn levels was found to be increased in HTS patients as compared to normal subjects while other metals were decreased or not statistically different. They further reported that this condition seemed to increase progressively from prehypertensives to those with stage-II HT. It seems that even though the exact role couldn't be properly identified, elevated level of serum Zn may play an aetiological role in subjects with primary HT. In such cases, it is possible that excess serum level of Zn is thought to cause an increase in intracellular Zn within the cell which in turn causes a rise of free Ca 2+ level in the smooth muscular layer of blood vessels with consequent vasoconstriction, increased peripheral resistance and elevated BP (Figure 1) . Further, it is also possible that high Zn level in the blood may interact with more complex systems involved in the leptin secretion, regulation and which in turn may caused an increase in BP by sympathetic nervous system [42] - [44] . Moreover, it has been suggested that an elevated level of Zn in renal blood may also play role in BP as Zn could favour the activity of carbonic anhydrase, a Zn metalloenzyme and consequently the development of HT via an effect opposite to that of some diuretics or due to high sympathetic nervous activity. Thus, the variations in the concentration of trace metals in blood and increase in BP could be related in some ways to variations in the metabolism of hormones whose essential role in metal homeostasis is well established [45] [46] .
In addition to this, high blood Zn level may also lead to elevation in systemic BP in healthy individuals presumably through the oxidative stress caused by superoxide anion ( 2 O − ) [47] . Due to Zn-Cu antagonistic interactions in the body, the increased serum Zn and decreased serum Cu result in reduction in the activity of SOD leading to oxidative stress causing arterial damage in essential HT [48] . In this regard, more recently the role of the 2 O − has been examined in relation to endothelial dysfunction related to HT. Nitric oxide (NO − ), a vasodilator can be scavenged by 2 O − to form peroxynitrite (ONOO − ) which effectively reduce the bioavailability of endothelium-derived NO. Therefore, circumstances that result in increased 2 O − can be harmful in several ways: first, by removing the beneficial effects of NO, and second, by the damaging effects of ONOO − , which can be protonated to peroxynitrous acid, the cleavage products of which are among the most reactive oxygen species in the biological system [49] [50] . In addition, several studies have demonstrated that 2 O − can act as a vasoconstrictor [51] [52] (Figure 1) .
Besides Zn, Cu is an essential metal that plays a critical role in haemoglobin synthesis, immune functions and as a cofactor for Cu/Zn superoxide dismutase (Cu-Zn-SOD) and ceruloplasmin in a define range. However, high blood Cu level is thought to be an independent risk factor for CVD especially myocardial infarction and atherosclerosis [53] . It has been reported that HT is the most common manifestation of hypercupremia. High Cu level in the blood is associated with chronic inflammation as indicated by increased levels of serum C-reactive protein and is an important etiologic factor for HT (Figure 2) . Further, due to the strong redox nature of Cu, it catalyzes the production of highly reactive oxygen species which have the potential to cause oxidative damage to proteins, DNA, lipids and other molecules. As a result of this, Cu overload induces the tissue injuries and which In addition to Zn and Cu, low blood Mn level may also be of special pathogenetic importance in regards to the development of HT and very interestingly lower plasma Mn level was also reported to observe in HTS subjects. One of critical role of Mn in the HT is through their role in lipid metabolism as studies have revealed that Mn possess choline-like lipotrophic properties which is known to prevent atherosclerosis and therefore affect lipid metabolism in HTS patients [56] . Mn also stimulates hepatic synthesis of cholesterol and fatty acids and hence may be involved in regulating cholesterol levels as related to endogenous synthesis. It is a cofactor for acetyl CoA carboxylase and mevalonic kinase and both enzymes are operative in the metabolic pathway for cholesterol synthesis [57] . Moreover, Mn might also have played an important role in the physiopathological conditions of HT as it activates nitric oxide synthase (NOS-I), which in turn converts L-arginine into L-citrulline and NO, and produces 2 O − in the absence of L-arginine which has been implicated HT (Figure 2 ) [58] . Further, essential HT is associated with greater than normal imbalances in antioxidant status, suggesting that oxidative stress is important in the pathogenesis of essential HT or in arterial damage related to essential HT and where these trace metals have a crucial role to play [59] [60] . Zn, Cu and Mn are found in almost all oxygen-utilizing cells and are essential for catalyzing reactions for removing the highly reactive 2 O −  because these metals are cofactors of antioxidant enzymes like cytosolic Cu/Zn-SOD, mitochondrial Mn-SOD and extracellular superoxide dismutase (EC-SOD) and they are necessary for maintaining health throughout life [6] - [8] . Zn and Cu participation in the control of human HT is supported by their lower bioavailability in HT patients pertaining to Zn and Cu-dependent antioxidant enzymes in HT [22] ; [31] . Due to increased molar ratio of Zn to Cu ratio in the diet and as a consequent of Zn-Cu antagonism in the intestinal absorption resulted Cu deficiency and impairs the oxidative defense system which aggravates the risk for HT in humans [30] [31] . The deficiency of Cu in hypertensive probably contributes to decreased activities of lysyl oxidase and SOD which result in failure of collagen and elastin cross linking and impaired defence against free radicals [61] [62].
Role of Metals in Rennin-Angiotensin-Aldosterone System (RAAS) Is Linked to Hypertension
The HT maintains a close relationship with various hormonal systems mainly with the RAAS. There is strong evidence that the RAAS plays an important role in the pathogenesis of essential HT and its complications which in turn is affected by metal ions. Angiotensin converting enzyme (ACE), the most important component of RAAS is usually associated with HT and some reports suggested that ACE may be one of the independent factors affecting HT [12] . Regarding possible mechanisms and role of metal ions considering the RAAS, Zn is observed to be involved, firstly because ACE is a Zn-containing peptide and increased levels of serum Zn were reported to correlate positively with the levels of ACE in HTS patients and secondly Zn take part in arterial pressure regulation by influencing other hormonal systems particularly aldosterone [20] [25] [63] . Modulation of RAAS and inhibition of ACE have long been prime strategies in the treatment of HT. Zn gains importance because ACE is a well-known Zn metallopeptidase that converts angiotensin-I to the potent vasoconstrictor angiotensin-II and that degrades bradykinin, a powerful vasodilator, that is both for the regulation of vascular tone and cardiac functioning [64] - [66] . Plasma ACE levels were found to be significantly higher in HTS compared to normotesives (NTS) control and they had direct correlations with increased serum Zn levels [25] . Further, the increased level of serum Zn has been reported to prevent the alkalinization of the intracellular fluid by preventing the aldosterone dependent movement of extracellular Ca 2+ ions. As a result of that the aldosterone induced proton influx is significantly reduced in the presence of Zn. The excess Zn in blood serum of HT patients in the present study may contribute to a continuous acidification caused by Zn in the vicinity of K + ion channel of the epithelial cells and promotes the transmembrane conductance of Na + ion and K + ion without the exchange of proton. The retention of proton does not allow the feedback mechanism in switching off the release of aldosterone from zonaglomerulosa. As a result of that the aldosterone level continuous to build up in HT patients, which in turn makes the blood hyperosmotic due to the excessive absorption of Na + ions and loss of K + ions. The hyperosmotic blood permits the retention of water resulting in the increase in total volume finally leading to HT [67] - [69] . Oxidative stress is the other factor that influence the activity of Na + /Li + exchanger, Na + /H + exchanger (NHE) and Na + /K + ATP-ase associated with essential HT [70] . In addition to this, it has been reported that the Mg homeostasis is regulated by RAAS and which is an important linked to the role of Mg status to the aetiology of HT [71] . Increased serum levels of both Mg and Mn are also reported in hypertensive patients [26] [27] . Hypermagnesaemia is observed to be associated with increase in Mg excretions in the urine due to an increase in the filtered load and its reduced re-absorption in nephrons and results in Mg-deficiency in HT patients [23] . The proposed mechanisms of Mg action on BP involve renal vasodilatation, prostacyclin release and acceleration of the cell membrane sodium pump [72] [73] . When dealing with specific HT patients, defects in Mg metabolism are found in young people having borderline HT, whereas Mg treatment lowers the blood pressure in patients with malignant HT [74] .
Epidemiological Data on the Metals Status in the Hypertensive Patients in India Consuming Zn Rich Diet
The recent survey on trace metals status of different vegetables in State of Punjab around Chandigarh as reported by Punjab State Pollution Control Board revealed that the Zn level is significantly higher (40 mg/kg or more in above ground vegetables and 120 mg/kg or above in underground vegetables) in underground water irrigated vegetables due to its excessive use in agricultural and husbandry practices but the levels of Cu and Mg are found to be within prescribed limit [75] . In a similar way, high Zn level but normal Cu and Mn levels are also observed in the vegetables and meat foodstuffs frequently consumed by the living population of Manipur, India [76] . It can be concluded from the above review that presence some metals in organism influence to the concentration other metals and therefore correct proportion of concentrations between individuals metals were important for proper physiological accomplishment of metals in the body [77] . In this regard, blood is considered the medium of transport of metals in the body and provides direct evidence about their concentrations and therefore, considered as a good indicator of the current body burden of the metals [34] . An epidemiological study conducted in the population of Manipur, India consuming Zn rich diet showed an increased serum Zn, Mg and Mn levels and decreased serum Cu levels in the HTS patients as compared to NT control ( Table 1) . In this regards, Tubek in 2001 [78] and Davydenko et al., in 1995 [79] observed increased absorption of Zn from the alimentary tract in primary arterial HT as hyperzincemia was observed in HTS individuals with or without complications. They have suggested that high level of Zn was related with high level of arterial HT. Further blood tends to maintain Zn homeostasis either by increasing or decreasing Zn excretion in the urine depending upon Zn intake [21] . In the present study, increased urinary Zn excretion revealed its high intake or higher absorption rate in genetically predisposed HTS subjects ( Table 1) . Zn-Cu antagonism results when increased molar ratio of Zn to Cu used in the diet that leads in C deficiency in humans that further impairs the oxidative defense system and aggravates the risk for HT [30] [31]. The low level of Cu in serum and its higher excretion observed during present epidemiological study appears to occur because of two reasons. Firstly, reduction of Cu absorption at the intestinal level caused by Zn-Cu antagonism due to high Zn absorption as displayed by presence of hyperzincemia and hypocupereria and secondly, a high rate of Cu excretion in the urine. The excessive loss of Cu resulted in deficiency of Cu which may contribute to HT in the present study [29] . This is in conformity with earlier report that excessive Zn in diet of rat causes leaching of Cu and Mg from the tissues into the blood plasma. Their levels in serum were elevated while their concentration in tissues fell significantly and rats become hypertensive [80] . Low plasma concentration of Cu has been reported to modify the activity of Na + transporting systems in the erythrocyte membranes due to oxidative stress [68] . Increased urinary Cu in the HTS patients correlated positively with systolic and diastolic pressures but an inverse relationship between serum Cu and diastolic pressure suggested that Cu bioavailability might be reduced involved in BP regulation as suggested by many workers Mg deficiencies were also evaluated to relate with essential HT [25] . Resnick et al. [71] also suggested that Mg and Ca homeostasis may be regulated by the RAAS. Mg and its interactions with other cations may play important role in the pathogenesis of essential HT. Extracellular Mg concentration affects cellular intake, binding, and distribution of Ca 2+ in vascular smooth muscle. Mg's effect on the vasculature is opposite to Ca 2+ as Mg is found primarily intracellular, unlike Ca 2+ , which is extracellular. In hypertension, intracellular free Mg falls, Ca 2+ is elevated [81] . Therefore, the regulatory role of Mg on peripheral vascular resistance may have an important role in Ca 2+ uptake and thus in HT [25] . Hypermagnesaemia is also associated with increase in magnesium excretion due to an increase in the filtered load and reduced re-absorption in TALH [23] and results in Mg-deficiency as increased urinary Mg level observed during the present study.
Conclusions and Future Directions
From published literature, it could be concluded that normal levels of metals are disturbed in HTS patients. The present review also indicates that imbalance of metals like Zn, Cu, Mg and Mn in the body may influence the incidences of HT however the involvement may be primary or secondary to some other cases. Disturbances of these metals in the blood result in the deterioration of normal physiological process of the body related with HT and finally lead to increase in BP. Experimental evidence also corroborates the idea that imbalances of metal ions are associated with the aetiology of HT. The present epidemiological studies indicate that the change in body metal homeostasis is prevalent in population of Manipur suffering from HT which may be due to consumption of Zn rich diet in this region. These metal imbalances may be a triggering factor for the development of HT in this population. However, in future large sample sizes epidemiological studies on serum and urinary analysis of various essential metals, may help to have scientific as well as practical implications in understanding for their long term adverse effects. This study would also be helpful to investigate the complex relationship between serum metals status and HT because a single metal does not result in a universal effect on BP, however, interactions between various metals and systems may affect regulation of BP. The results of this study also provided guideline to the other researchers investigating the role of metals in the disease. However, more studies including other metals in different biological samples should be conducted to explore the potential relationship between metals imbalance and the development of HT. Future epidemiological and clinical studies should take account of other information like daily dietary intakes and factors like obesity in order to understand the clearer picture of HT mechanism.
